In modern microelectronic devices, hot electrons accelerate, scatter, and dissipate energy in nanoscale dimensions. Despite recent progress in nanothermometry, direct real-space mapping of hot-electron energy dissipation is challenging because existing techniques are restricted to probing the lattice rather than the electrons. We realize electronic nanothermometry by measuring local current fluctuations, or shot noise, associated with ultrafast hot-electron kinetic processes (~21 terahertz). Exploiting a scanning and contact-free tungsten tip as a local noise probe, we directly visualize hot-electron distributions before their thermal equilibration with the host gallium arsenide/aluminium gallium arsenide crystal lattice. With nanoconstriction devices, we reveal unexpected nonlocal energy dissipation at room temperature, which is reminiscent of ballistic transport of low-temperature quantum conductors.
I
n modern downscaled microelectronics, current-carrying charges are locally driven far from equilibrium, and the associated heat dissipation is seen as a major concern for future development (1) . Optimizing nanoscale thermal management by understanding and controlling hot-carrier kinetics is needed to make progress in post-Moore-era nanoelectronics (1, 2) . Particularly, understanding the mechanism of heat exchange between the electron and lattice systems is desirable in order to approach ideal device functionality (1) (2) (3) . Meanwhile, the excess energy of hot electrons along with a variety of their rich interactions provide a number of promising applications, such as hot luminescent light sources (4, 5) , broadband photodetectors (6), highly efficient solar cells (7) , thermoelectric devices (8) , and plasmon-enhanced photochemistry (9) . However, it remains extremely challenging to directly map hot electrons in real space with nanoscale resolution (10) . Pump-probe techniques (11, 12) provide a powerful tool for probing ultrafast transient phenomena with highest resolutions, both in spatial and temporal domains, but cannot be applied to study electronic devices in operating steady state. Sensitive nanothermometry techniques have been developed recently such as scanning thermal microscope (13) , microscopic Raman spectroscopy (14) , and plasmon resonance microscopy (15) . The effective temperature of nonequilibrium electrons, however, is difficult to access with these techniques because electronic nanothermometry is fundamentally hindered by the fact that the heat capacity of electrons is intrinsically small: It is typically several orders of magnitude less than that of the lattice (16) . Hot electrons are hence easily disturbed by probe-induced local heat flow in most of the nanothermometry techniques.
As a sensitive probe of the electron system, we focus on current fluctuations induced by nonequilibrium electrons, or shot noise (17) , which has proven to contain nanoscopic information of electron motion not obtained from standard resistance measurements (17) (18) (19) (20) . Despite decades of extensive studies, the real-space characteristics of shot noise have been unknown because the existing noise probes were physically immobile (21, 22) . In addition, experiments have not been able to access noise frequencies higher than a few hundred gigahertz (20) , which is far below the typical intrinsic scattering rate of hot electrons; thus, important signatures of ultrafast phenomena have remained obscure.
Here, we visualize hot electrons via shot noise by using a scattering type scanning near-field optical microscope (s-SNOM) (23) (24) (25) (26) called the scanning noise microscope (SNoiM) [ Fig. 1A and section 1 of (27) ]. Current fluctuations induced by nonequilibrium electrons generate fluctuating electromagnetic (EM) evanescent fields on the material surface. In our SNoiM, a sharp metal tip scatters the fluctuating EM evanescent fields to be collected by a confocal microscope and detected with an ultrahighly sensitive sensor called a charge-sensitive infrared phototransistor (28) . The frequency bandwidth of detection is w/2p = 21.3 ± 0.7 THz, which is well away from the surface phonon polariton resonance frequencies of the host crystal, so that the measurement is relatively insensitive to phonons. The spatial resolution of the image is ∼50 nm. The fluctuating EM evanescent fields detected by SNoiM are, in general, excited not only by nonequilibrium current fluctuation (excess noise) (17) but also by thermal current fluctuation in thermal equilibrium conditions (Nyquist noise) (22, 29) : The excess noise is specifically termed shot noise if it is caused by nonequilibrium charge carriers. The excellent imaging capability and sensitivity of SNoiM have been proven in recent experiments on metals (26) .
Below, we will call the signal coming from the tip-scattered EM evanescent fields the passive nearfield (NF) signal. In the measurements, the small NF signal component has to be distinguished from a much stronger component associated with the unwanted far-field (FF) background radiation. To this end, two different methods were applied [section 1 of (27)]. In one method, the tip height is modulated at f = 5 Hz as a square wave alternating between h and h + Dh, where Dh = 100 nm throughout this work. The difference signal, V sig (h) − V sig (h + Dh), is obtained by demodulating the detector output at fundamental frequency (5 Hz). This difference signal practically equals the signal V sig (h) at h because the NF signal intensity rapidly decreases with increasing h so that V sig (h + Dh) can be practically ignored for Dh = 100 nm. In the other method, the bias voltage applied to the device is modulated as a square wave alternating between 0 and V b at 5 Hz, while the tip height h is not modulated, and the signal is obtained by demodulating the detector output at 5 Hz.
We study small conductors harboring a quasitwo-dimensional electron gas (2DEG), in which energy injection can be highly localized in real space, making hot-electron effects explicit, as theoretically predicted (30) . The devices with narrow constriction (Fig. 1B and fig. S2 ) are fabricated in a GaAs/AlGaAs quantum well structure with a 2DEG layer buried 13 nm below the surface [sections 2 and 3 of (27) ]. Figure 1C shows a twodimensional (2D) image of the NF signal intensity obtained through the tip-height modulation method with h = 10 nm and bias voltage of V b = +6 V. In and around the constriction, the region of high NF signal expands toward the downstream side of the electron flow (the positive voltage side). Figure 1D shows that the asymmetric feature is reversed in the opposite polarity of bias voltage (V b = -6 V), suggesting that the effect is intrinsic, rather than being caused by sample inhomogeneity.
We have cross-checked the signal by applying the V b -modulation method (0V and ±6 V) with the tip height fixed at h = 10 nm; the obtained 2D images ( fig. S3 ) and those of Fig. 1 , C and D, were in close agreement. For all the signals reported below, the two methods were found to yield signals that were nearly equal to each other in amplitude and qualitative features [see section 1 of (27) for a discussion]. This indicates that the signals are free from the unwanted FF radiation component and that the thermally generated components are negligible; therefore, the signal 3 Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, PR China. 4 Institute of Industrial Science, The University of Tokyo, Komaba 4-6-1, Meguro-ku, Tokyo, 153-8505, Japan. is caused by the current-induced current fluctuation or excess noise [section 1 of (27)]. The excess noise originates from either heated 2DEG or heated lattice. To distinguish between the two, we note that the experimentally obtained images of the NF signal are confined within the mesa structure where the 2DEG is present, with a sharp cut-off edge at the boundary [ fig. S5B and section 4 of (27)]. This indicates that the origin of the signal is the 2DEG because lattice heating (or nonequilibrium phonon distribution) would not be confined to the mesa structure, and the border of the heated region would have to be substantially smoothed by diffusion of phonons over a relaxation length (200 to 300 nm) (31) . Thus, the NF signal is ascribed to the shot noise caused by heated 2DEG; this conclusion is strongly supported by theoretical estimates [sections 5 and 6 of (27)].
The second important feature is the rapid decay of the NF signal with increasing h (Fig. 1E) , where the NF signal is taken via V b -modulation and is plotted against h. The decay curve is well reproduced with a theoretical predicted curve obtained by combining the hot-electron concept with the electromagnetic local density of states (EM-LDOS) (32) of the fluctuating EM evanescent fields [ fig. S8 and sections 5 to 7 of (27)]. increases as the electrons move away from the constriction, creating the hottest spot at a distance 200 to 300 nm away from the constriction. This feature is elucidated in Fig. 2G , which shows a distinct maximum peak of the NF signal intensity developing at a position (y ≈ +250 nm) shifted from the constriction for 5 V < V b . The nonlocal feature of power dissipation, along with the current-voltage characteristics similar to those described above, have been found in devices with different constriction patterns and crystallographic orientations, suggesting the intrinsic nature of the phenomena [ fig. S4 and section 4 of (27)]. Above V b ∼ 4.0 V, the current saturates (Fig. 2H) . Interestingly, the NF signal intensity at the constriction center (y ≈ 0) is saturated in step with the current saturation, but the one at the off-centered hot spot (y ≈ +250 nm) continues to increase. The NF signal intensity for V b < 3 V is roughly proportional to the current I, which is consistent with the conventional theory of shot noise, hS shot i º 2ejIj (where e is the unit charge). The lack of saturation of the signal intensity at the shifted hot spot for V b > 4 V suggests that specific hot-electron processes play a role, as will be discussed later.
The discrepancy between the noise profile and the electric field distribution is confirmed in additional experiments, where electrostatic potential distribution around the constriction is studied by biasing the metal tip in scanning gate microscopy (SGM) [ fig. S10 and section 8 of (27)]. A region of high electric fields is found to be concentrated symmetrically in a narrow region around the constriction, roughly defined by |y| < 250 nm. The hot-electron distribution (Fig. 2, D  to F) , therefore, develops beyond the region of high electric fields. SGM measurements show that the electric field at the constriction reaches E c ≈ 104 kV/cm for V b = 9.0 V. The E c values have been derived as a function of V b in an independent method, yielding results consistent with SGM ( fig. S11 ).
For materials in thermal equilibrium (23) (24) (25) (26) , NF signals have been quantitatively understood in the theoretical framework based on the EM-LDOS for thermally excited fluctuating EM evanescent fields (Nyquist noise) [section 5 of (27)]. In nonequilibrium conditions, rigorous theory is not available in general. However, the "hotelectron concept" (17, 18) is applicable in our system, and the knowledge established in thermal equilibrium can be employed as the first-order approximation by considering an effective electron temperature T e [section 6 of (27)]. In our GaAs devices, the exchange of energy and momentum among electrons is so efficient as to nearly establish a quasi-equilibrium state within the electron system. It then follows that the resulting nonequilibrium distribution function of electrons is approximated by the equilibrium Fermi distribution function characterized by an effective electron temperature T e , and many physical quantities can be derived approximately by noting only the effective temperature T e . Particularly, the shot noise is approximated by the Nyquist noise at T = T e and is known by the term hot-electron shot noise (17, 18) . In this work, T e is estimated from the NF signal intensity (see color scales in Figs. 1 and 2 ) and provides an approximate measure of the average kinetic energy of electrons <e> ≡ (3/2) k B T e [section 7 of (27) ]. The estimated values-T e = 2200 to 2500 K or <e> = 280 to 320 meV at the hot spot (Fig. 2F )-are consistent, within the accuracy of estimation (± 7%), with the noise temperature reported in microwave noise measurements on short channel n-GaAs devices (20) and with the values <e> = 300 to 550 meV predicted in Monte Carlo simulations (33) , both at an electric field E ≈ 100 kV/cm [section 7 of (27)].
The nonlocal feature in this work is reminiscent of the phase-coherent transport through low-dimensional conductors (34) or ballistic transport through quantum point contacts at low temperatures (35) , where energy is dissipated in reservoirs rather than in conductors themselves. The simplest interpretation is therefore to assume purely ballistic motion of electrons passing through the constricted region. Nonlocal energy dissipation is expected to occur in diffusive transport as well (36) , because electrons necessarily travel a certain distance after acceleration until they release excess energy to the lattice by phonon emission. Indeed, it is a commonly expected feature in most of modern high-speed short-channel transistors (37) .
We quantitatively model electron transport through the constriction by taking into account relevant transport parameters [section 3 of (27)]. When electrons approach and enter the constricted region from the negative-voltage side, they are accelerated by the electric fields. When the accelerated electrons pass through and exit from the constriction, they, in turn, cool down 2 of 4 by releasing their excess energy to the lattice. The cooling-down process is, however, relatively slow because the energy relaxation time due to electron-phonon interaction is relatively long (t e-ph ≈ 1.1 ps). The energetic electrons, on the other hand, pass through the constricted region at high velocities, v d ≈ (1.9 to 2.1) × 10 5 m/s (velocity overshoot) (20, 38) . It follows that the energetic electrons drift a large distance, L drift,e-ph = v d t e-ph = 210 to 230 nm, before being equilibrated with the lattice.
The feature of nonlocal energy dissipation is enhanced further by the transfer of hot electrons to upper satellite valleys (20, 33) [section 9 of (27)]. It is well known that hot electrons transfer from the G-valley to the satellite X-and/or Lvalleys at high electric fields (20) . The effective mass of electrons in the upper valleys is much larger than in G-valley, so conductance is reduced, causing the saturation of current I for 4.0 V < V b or 15 kV/cm < E c (Fig. 2H and figs. S4 and S11 ). In our system, electron transfer to X-valleys lying above the G-valley by De GX ≈ 550 meV is important (20) . The upper valleys serve as a storage for energetic electrons and intensify the feature of nonlocal power dissipation as described below.
A representative experimental image of hot electrons is shown in Fig. 3A , and a detailed interpretation of the nonlocal transport is illustrated in Fig. 3 , B to D. The average kinetic energy and the fractional ratio of population of electrons in the G-valley are denoted, respectively, by <e G > and n G . As the electrons approach the constriction from the source side (a, -250 nm < y < 0 in Fig. 3A) , the rapidly increasing electric fields accelerate the electrons (a in Fig. 3B ), and the electrons increasingly transfer to the X-valleys (a in Fig. 3C ). The average energy, <e G >, thereby increases, whereas the fractional population, n G , decreases (a, -250 nm < y < 0 in Fig. 3D ). At the center of the constriction (b, y ≈ 0 in Fig. 3, C and D), <e G > reaches maximum, whereas n G falls to a minimum, n G,c = 0.3 to 0.23 for V b = 6.0 to 9.0 V (E c = 60 to 120 kV/cm) ( fig. S11 ). Despite the small n G,c value, the current through the constriction is dominated by the G-valley electrons because their "overshoot" drift velocity v d,G ≈ (1.9 to 2.1) × 10 5 m/s is much higher than the drift velocity of X-valley electrons. On the downstream side of the constriction, the electric field E decreases rapidly with increasing y (g in Fig. 3B ). The average energy <e G > accordingly decreases, but the decrease is slow because (i) the longitudinal-optical-phonon emission process is relatively slow (t e-ph ≈ 1.1 ps) and (ii) the electrons stored in the X-valleys are now transferred back to the G-valley, supplying energetic electrons in the G-valley (g in Fig. 3C) . Therefore, n G rapidly recovers the low-field value (n G ≈ 1), but <e G > decreases much more slowly with increasing y (0 < y < 250 nm in Fig. 3D ).
The excess noise is generated primarily by the G-valley electrons because their average kinetic energy <e G > is much higher than that of X-valley electrons <e X > (34). The noise power density is an increasing function of both <e G > and n G , and we simply assume P n = n G <e G > to give a plausible measure of the noise intensity. The profile of P n (Fig. 3D) reproduces the corresponding experimental feature (Fig. 2G) fairly well, yielding a prominent maximum peak at a location displaced (y ≈ 250 nm) from the constriction. The saturation of noise intensity at the center point of the constriction (Fig. 2H , y = 0) stems from the fact that the increase in <e G,c > with increasing V b (E c ) is compensated by the decrease in n G,c . The lack of saturation at the shifted hot spot (Fig. 2H , y = 250 nm) is a consequence of the fact that n G,c at y ≈ 250 nm does not decrease substantially so that the effect of <e G,c > increase is uncompensated.
SNoiM is applicable to any microelectronics devices of semiconductors, semimetals, and metals. In addition, it can be applied to explore a variety of exotic modes of charge-carrier dynamics in emerging material systems such as graphene (39) , topological conductors, Weyl semimetals, and anomalous Hall-effect conductors. The target of SNoiM is not restricted to electron systems: For example, by detecting the noise in the frequency band of the surface phonon polariton resonance of the host crystal, the lattice dynamics will be exclusively probed. The sensitivity of our system, limited by the fluctuation of (D) A sketch of the variation of n G, <e G >, and P n = n G <e G > along the y axis for V b = 6.0 to 9.0 V, where n G ≡ N G /N (N G , the density of G-valley electrons; N, the total density of electrons) is the relative population of G-valley electrons, <e G > is the average kinetic energy of G-valley electrons, and P n = n G <e G > is a measure of the excess noise intensity. background FF radiation, will be dramatically improved at cryogenic temperatures, making measurements in photon-counting mode possible (40) . The fact that SNoiM should be operable over a range of temperatures with a tunable detection wavelength provides an advantage over most of existing nanothermometry techniques (41) .
